Memory reactivation during slow-wave sleep (SWS) influences the consolidation of recently acquired knowledge. This reactivation occurs spontaneously during sleep but can also be triggered by presenting learning-related cues, a technique known as targeted memory reactivation (TMR). Here we examined whether TMR can improve vocabulary learning. Participants learned the meanings of 60 novel words. Auditory cues for half the words were subsequently presented during SWS in an afternoon nap. Memory performance for cued versus uncued words did not differ at the group level but was systematically influenced by REM sleep duration. Participants who obtained relatively greater amounts of REM showed a significant benefit for cued relative to uncued words, whereas participants who obtained little or no REM demonstrated a significant effect in the opposite direction. We propose that REM after SWS may be critical for the consolidation of highly integrative memories, such as new vocabulary. Reactivation during SWS may allow newly encoded memories to be associated with other information, but this association can include disruptive linkages with pre-existing memories. Subsequent REM sleep may then be particularly beneficial for integrating new memories into appropriate pre-existing memory networks. These findings support the general proposition that memory storage benefits optimally from a cyclic succession of SWS and REM.
Introduction
Optimal learning requires a balance between rapidly acquiring new information and retaining older but still useful memories, a conflict known as the ''stability-plasticity dilemma" (e.g., Carpenter & Grossberg, 1988; Abraham & Robins, 2005) . Twostage models of memory consolidation offer a solution to this issue (Marr, 1971; Alvarez & Squire, 1994; McClelland, McNaughton, & O'Reilly, 1995; Frankland & Bontempi, 2005) . These models propose that new information is initially encoded in parallel into both a fast-learning temporary store, namely the hippocampus, as well as a slower-learning, long-term store, namely the neocortex. Over time, newly encoded memory representations are gradually integrated into slower-learning cortical networks such that representations can become relatively more dependent upon the cortex and less dependent upon the hippocampus. This consolidation process occurs through the spontaneous and repeated reactivation of newly encoded memory traces (Sutherland & McNaughton, 2000; cf. O'Neill, Pleydell-Bouverie, Dupret, & Csicsvari, 2010) . Memory reactivation can occur during any offline period, but appears to be especially prominent during slow-wave sleep (SWS; Wilson & McNaughton, 1994; Lee & Wilson, 2002; Ji & Wilson, 2007) .
In humans and most other diurnal mammals, SWS and REM sleep alternate cyclically over the course of the night, with extended SWS periods occurring predominantly in the early part of the night and REM sleep preferentially later on (Rasch & Born, 2013) . Thus periods of SWS are naturally followed by periods of rapid-eye-movement (REM) sleep. A number of theoretical models have suggested that SWS and REM play complementary roles in memory consolidation, and that memory benefits optimally from a cyclic succession of these two stages (e.g., Diekelmann & Born, 2010; Giuditta et al., 1995; Ambrosini & Giuditta, 2001; Walker & Stickgold, 2010) . For example, according to the sequential hypothesis (Giuditta et al., 1995; Ambrosini & Giuditta, 2001) , during SWS non-adaptive memory traces are weakened or eliminated, resulting in a relative strengthening of the remaining traces. Then, during subsequent REM sleep, these remaining traces are strengthened, integrated and stored in pre-existing knowledge networks. Another proposal is that systems consolidation occurs during SWS whereas synaptic consolidation occurs during REM sleep (Diekelmann & Born, 2010) . Active systems consolidation during SWS-involving the repeated activation of newly encoded memories-drives the integration of new memories into the network of
